Introduction
Heat conduction problems in cylindrical and spherical coordinate systems are of great interest in many industrial applications, such as rocket walls, oil reservoirs, and boilers. In the past, the classical Fourier heat flux model, q = -kVT (1) has been commonly employed in the analysis of such problems. It is well-known that the classical Fourier heat flux model leads to a solution exhibiting infinite propagation speed of the thermal wave. Despite this physically unrealistic notion of instantaneous energy diffusion, the Fourier law gives quite excellent approximations for most engineering applications. However, in applications involving very low temperatures near absolute zero, extremely short transient durations or very high temperature gradients, the thermal wave propagates with a finite speediP2 and the Fourier law breaks down. Thus, to account for phenomena involving finite propagation speed of the thermal wave, a more precise heat flux model needs to be postulated to modify the Fourier heat conduction law. Cattaneo3 and Vernotte4 where q is the heat flux vector, z is the relaxation time, and k is the thermal conductivity.
The equation of energy conservation for such problems is given as pc,~=v.q where p is the density and C, is the specific heat.
Substitution of the modified Fourier heat flux model (2) into the energy conservation equation (3) 
Several analytical and numerical schemes'-" have been developed for various heat conduction problems involving non-Fourier effects. However, most of the previous works were restricted to analyzing the problem in the rectangular coordinate system. To the best of the authors' knowledge, there is no report of such a study involving 
Mathematical formulation
The one-dimensional hyperbolic heat conduction equation in cylindrical and spherical coordinate systems with constant thermal properties can be expressed as where n = 1 denotes the cylindrical coordinate system and n = 2 denotes the spherical coordinate system. Equation (5) is also valid in Cartesian coordinates for n = 0. The thermal conductivity k, density p, and specific heat C, are assumed to be constant. For convenience of the numerical analysis, the following dimensionless variables are introduced as
and (6) where LX is the thermal diffusivity, which is defined as CY = k/PC,; c is the propagation speed of the thermal wave, which is defined as c = (tl/r)r"; 7-n is the initial temperature;
and T, is the ambient surface temperature. Introducing these dimensionless variables into equation (2) leads to the following dimensionless form as
In all examples of this paper, the initial conditions are given as O(0, y) = 0 and ~ = W% 'I) o a< (8) Various types of boundary conditions will be discussed in the following examples.
Numerical analysis
To remove the {-dependent terms in equation (7), the Laplace transform technique is used. The Laplace transform of equation (7) with respect to 5 is In this study, the numerical method proposed by Honig and Hirdes l3 for the inversion of the Laplace transform will be used. Subsequently, equation (9) is discretized by using a control volume formulation.
Integrating equation (9) within a control volume Q gives
Before proceeding to discretize equation (12) , the dimensionless temperature in the transform domain O(s, n) will be approximated by the nodal temperatures and shape functions within a typical element R. For easy illustration, Figure I shows the domain 0 with two elements surrounding a typical interior point P in the n coordinate system. The unknown function within R, 0(s, q), can be approximated by where e denotes the distance between two nodes and is uniform in the present study. N,, N,, and N, are shape functions in the Laplace transform domain and are func_tions of_ the space variable. The nodal temperatures 8,, ep, and 6, are regarded as unknown at this stage, but are to be specified later. As stated in the authors' previous work, I2 the selection of the shape functions is an important step for accurately predicting the propagation of the thermal wave. Poor selection of the shape functions will affect the stability of the numerical results. If the technique for selecting the shape function in the rectangular coordinate systemI is applied to the present study in cylindrical and spherical coordinate systems, it is obvious that the solution form of equation (9) will be in terms of Bessel functions or other more complicated infinite series, which are difficult to integrate. For this reason, the shape functions for cylindrical and spherical coordinate systems can be obtained from the following homogeneous second-order differential equation.
d2N,
where il = (s2 + 2s)"' and N, denotes the shape function. It is obvious that equation (14) is the associated homogeneous differential equation of equation (9) . It can be seen from our previous worki that introducing the shape functions obtained from equation (14) into the control volume formulation can yield very accurate results. The shape function Nk(q) is constructed such that it is unity at q = qk and zero at the other node of the element E, or E,. Under this condition, it is not difficult to determine the shape functions within the interval Q as
Equation (15) is the hyperbolic shape functions. As stated in the authors' previous work,12 the linear shape function commonly used is a special case of the hyperbolic shape function. The hyperbolic function, sinh (z), can be approximated in a series form as sinh (z) = z + 0(z3) (16) With an error 0(z3) for sinh (z), equation (15) (13) and (15) into equation (12) leads to the following discretized form of equation (9) 
Equations (22) and (23) are the central finite-difference approximation of equation (9) 
Numerical examples
To verify the applicability of the present numerical method to hyperbolic heat conduction problems in cylindrical and spherical coordinate systems, three different examples are shown. All the computations are performed with the uniform space size / = 0.01.
Example 1
The first example considers axisymmetric problems for regions interior and exterior to a circular cylinder of ye = 1 and a constant dimensionless surface temperature 0([, 1) = 1. This example has been studied by Sadd However, the region, 1.3 < y < 1.7, is not yet affected by the boundary surface heating. As time increases, both thermal waves meet and interact with each other. For the temperature profiles at i" = 0.9 and 1.2, a superposition of the left and right waves results in the occurrence of high temperature in the middle region of the domain. When the thermal wave reaches the other boundary surface, the reflected thermal waves will interact with the original thermal wave, as shown at 5 = 1.2. It is interesting that some portions of the temperature profiles at 4 = 0.9 and 1.2 are higher than the surface temperature, 8 = 1. These physically doubtful solutions have been discussed by Taitel.6 Whether such effects have any physical meaning can only be determined through further experiments. A comparison between the non-Fourier solutions and those obtained from the Fourier heat flux model is also presented in Figures 4 and 5 . It is obvious that the difference between them is very great for short times. However, the two theories become essentially identical with increasing time. This implies that non-Fourier effects are significant only for very short times and quickly dissipate with time. In other words, the waves shown in Figures 4 and 5 exhibit a damped character. A similar behavior has also been observed in rectangular coordinate systems.7,12 The major difficulty in dealing with this example is the suppression of numerical oscillations in the vicinity of jump discontinuities due to the interaction between the propagation and reflection of thermal waves. As shown in Figures 4 and 5 , there is no numerical oscillation in the vicinity of jump discontinuities.
These results further show that the present numerical scheme with hyperbolic shape functions is stable and accurate for analyzing such problems.
Example 3
The last example considers thermal wave propagation within a region exterior to the cylinder or sphere. The interior surface at '1 = 1 of the cylinder or sphere is subjected to a constant heat flux qS and dissipates heat where the dimensionless surface heat flux Q, is defined as Q, = q,/cpC,(T, -Ti,). The dimensionless heat transfer coefficient H is defined as H = h/cpC,, where h is the heat transfer coefficient. Taking the Laplace transform of equation (26) and then applying the non-Fourier heat flux model, equation (2) can yield the temperature gradient at y = 1 in the form of
The application of equation (27) In the present study, the numerical formulation is based on the assumption of constant thermal properties. Actually, this formulation can also be applied to problems with variable thermal properties, which are functions of temperature or position within the material. Recently, we have successfully applied the similar numerical scheme to one-dimensional problems in rectangular coordinate systems with temperaturedependent thermal properties." The numerical formulations for such problems may be more complicated than the present study, but the numerical results are accurate and stable. 
Nomenclature

